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Using the general connection between the upper Umit on the neutrino mass and the upper hmits on 
certain types of non-Standard Model interaction that can generate loop corrections to the neutrino 
mass, we derive constraints on some non-Standard Model d —> ue~u interactions. When cast into 
limits on n ^ pe~u coupling constants, our results yield constraints on scalar and tensor weak 
interactions improved by more than an order of magnitude over the current experimental limits. 
When combined with the existing limits, our results yield \Cs/Cv\ < 5 x 10~^, \C's/Cv\ ^ 5 x 10~^, 
\Ct/Ca\ < 1.2 X 10'^ and \Ct/Ca\ < 1.2 x 10^^ 
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Historically, nuclear /3 decay has played an important 
role in establishing the V — A structure of the elec- 
troweak current of the Standard Model (SM). More re- 
cently, precision studies of nuclear and neutron /3 de- 
cay have been used to test the SM and to search for 
what may lie beyond it. /i- values and various angular 
correlations, for example, have been measured on vari- 
ous nuclear species for small deviations from what the 
V — A model of weak interactions predicts. These ex- 
periments have provided important constraints (for a re- 
cent review, see Ref. Q). With an increased intensity 
of cold and ultracold neutrons becoming available, in- 
creasingly more precise /3-decay measurements with free 
neutrons may probe physics beyond the SM. Neutron /3- 
decay measurements have the special advantage of being 
free from uncertainties due nuclear structure corrections. 
The UCNA experiment at the Los Alamos National 
Laboratory, and the future abB A experiment Q , planned 
for the Spallation Neutron Source at the Oak Ridge Na- 
tional Laboratory, both aim at precision neutron /3-decay 
measurements that will provide stringent tests of the SM. 

On the other hand, various solar, atmospheric and re- 
actor neutrino experiments have provided clear evidence 
of neutrino oscillation, hence establishing that not all the 
neutrinos are massless 3i(^,'^. In addition, the recent re- 
markable progress in observational cosmology now allows 
us to study the "Particle Physics" of the early universe 
through precision measurements of the anisotropy of the 
Cosmic Microwave Background (CMB). In fact, the most 
stringent upper limit on the neutrino mass comes from 
combining WMAP and SDSS data. 

The fact that the neutrino masses are so much smaller 
than the other SM fermions - at least six orders of mag- 
nitude - together with the fact that the lepton mix- 
ing matrix is strikingly different from the quark mixing 
matrix, may be a window onto new physics. Accord- 
ingly, the neutrino mass matrix has become a subject 
of intensive experimental and theoretical research. At 



the same time, the search for new physics through low- 
energy observables such as muon decay and /3 decay con- 
tinues with increasing accuracy. In view of this situa- 
tion, model-independent connections between the neu- 
trino mass and other low-energy observables would pro- 
vide valuable guidance in the search for physics beyond 
the SM. 

Recently, an important connection has been pointed 
out between the neutrino mass and non-SM neutrino- 
matter interactions in Ref. 0- That is, if there are 
non-SM neutrino-matter interactions that involve both 
right-handed and left-handed neutrinos, they should con- 
tribute to the neutrino mass. In Ref. such contribu- 
tions were evaluated using effective field theory; the re- 
quirement that they be smaller than the current neutrino 
mass limits resulted in non-trivial constraints on various 
muon decay parameters and the branching ratio of the 
SM-forbidden tt° ~* i^D. 

In this letter, we extend this treatment to (3 decay, 
and obtain order-of-magnitude constraints on some non- 
SM n pe~v interactions. Although we closely fol- 
low the notation of Ref. 0, we generalize it to include 
the possibility of total (and family) lepton-number viola- 
tion. Therefore, the most general d — > ue~v four-fermion 
interaction involving both left-handed and right-handed 
neutrino states can be written as 

Hp — Hy^A + Hs.p + Ht, (1) 
Hv,A = i ae^n^P,i^l"'^u-fxP^d + h.c., (2) 

Hs.p ^4. J2 A,^eP,iyl'^uP^d + h.c., (3) 
HT = i y2 a,,.e^P.^l'^u^P.d + h.c. (4) 
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FIG. 1: Two- loop contributions to tlie neutrino mass gener- 
ated by chirality-changing non-SM d — > ue~v operators. The 
X denote mass insertions. Fig. (a) constrains Arr, ^rl, orr 
and involves a quark mass insertion « 4 MeV while 
Fig. (b) constrains orl and requires an electron mass inser- 
tion, me = 0.511 MeV. 

where, Pl,r = (1 T 7^)/2 is the chirality projection op- 
erator, e and /i denote the chirahties of the neutrino 
and the d quark, respectively, the superscript (c) on 
the neutrino indicates charge-conjugation for the case 
where the operators violate total lepton-number conser- 
vation, while the subscript I takes into account the pos- 
sibility of family lepton-number violation. In the SM, 
All = ^LL^ = ff^Kjd/Sm^ and all the other couphng 
constants a^^, A^^, and a^^ are 0. The d ue~v cou- 
pling constants a^^, A^^ and a^^ can be related to more 
conventionally used n ^ pe~v coupling constants Ci and 
C[ {i = {V, A, S, T}) [13, as shown in the Appendix. In 
the SM, C{, = -Cv, and C'^ = -Ca- 

As discussed in Ref. , certain types of non-SM inter- 
actions generate contributions to neutrino mass through 
loop effects. In this case, the Arr-, Arl-, and aRR-type 
interactions contribute to the neutrino mass through the 
diagram shown in Fig.^, while the ORL-type interaction 
contributes through the diagram in Fig.^ [23| . 

Following Ref. we evaluate the leading log contri- 
butions to the neutrino mass from the diagrams in Fig.^ 
using dimensional regularization. The result is 

where Nf. is the number of color degrees of freedom, Gp is 
the Fermi constant Gp — 1.166 x 10~^ GeV~^, mj is the 
mass of the fermion for the mass insertion, g = 0.64 is the 
SU(2) gauge coupling constant, and /i is the renormal- 
ization scale discussed below, d = {Arr, ^rl, cSrr, orl} 
is the "normalized" d — > ue~v coupling, with Arr = 
Arr/cll^, etc. a in principle can have four indices de- 
noting the flavors of incoming and outgoing leptons and 
quarks. We suppress the indices here, however, for sim- 
plicity. We ignored the factors of half or two in the loop 
integrals associated with different Dirac structures, since 
we are interested in the orders of magnitude. 

The value of /i should exceed the mass of the heaviest 
particle included in the effective field theory - in our case 
Mw - while at the same time take into account the scale 



at which the onset of new physics might be expected. 
We choose the renormalization scale to be around 1 TeV, 
a scale often associated with physics beyond the SM in 
many particle physics models. Since /i appears in a loga- 
rithm, our conclusions do not depend strongly on its pre- 
cise value. Note that for values of /x below ~ 100 GeV, the 
decoupling theorem kicks in and large logarithms become 
suppressed by inverse powers of the weak boson mass. 
This can be easily seen in the physical renormalization 
scheme where loop corrections are required to vanish at 
the renormalization point. In that case, the logarithms 
will have the generic form ln|(^^ — M^)/((5^ — M^)|. 
At — fJ'^, this vanishes as required. For small values 
of Q^, large logarithms of the form ln(/i^/M^) appear 
only for values of /z^ >> M^. For fi'^ « M^, the large 
logarithms are suppressed by inverse powers of M^. It 
follows that arbitrarily small values of /i cannot be in- 
serted in Eq. (0) which was evaluated for ^ > Mw- A 
more detailed discussion of the dependence of Sm^ on the 
renormalization scale is given in Ref. 

The interactions of the Hamiltonian in Eq. ^ are 
not gauge-invariant under SU(2)l x Uy, although they 
can arise from gauge-invariant models, e.g., the left-right 
symmetric and lepto-quark models 0. Thus, the evalu- 
ation of the diagrams of Fig. ^ above the weak scale is 
not strictly orthodox; in principle, one should evaluate 
contributions to the neutrino mass within each gauge- 
invariant model to constrain the relevant parameters ap- 
pearing in the particular model. The advantage of the 
current approach stems from the emphasis on the physics 
that all extensions of the SM that generate the chirality- 
flipping interactions of Eq. share: they all contain 
operators that contribute to the neutrino mass resulting 
in constraints on a class of model parameters. The rough 
estimates given in Eq. ij^l make this novel point in an 
essentially model-independent way; these estimates are 
expected to be representative of the constraints imposed 
on the parameters due to the smallness of the neutrino 
mass, although this should be checked in specific mod- 
els. Indeed, the neutrino mass is not required to vanish 
by gauge-invariance. Therefore, there is no reason to ex- 
pect cancellations between the diagrams that contribute 
to nil, in gauge- invariant models. 

We use Eq. © to constrain d by requiring Sirii, < mj, 
where is the physical neutrino mass. As in Ref. [2| 
we adopt the upper limit of 0.71 eV on the sum of the 
neutrino masses from Ref. This implies the limit 

rriu < 0.23 eV for individual neutrino masses when neu- 
trino oscillation constraints are included [2ll |. 

For Fig.n](a), from Eq. © with to/ = mu,d ~ 4 MeV, 
we obtain ^rr < 10"^, Arl < 10^^, and orr < 10"^. 
For Fig. n](b), with m/ — rrie, we obtain d-R i < 10~^. 
If one takes a neutrino mass limit < 0.04 e V llll| possi- 
bly reached by the future Planck mission [l2|, one ob- 
tains ^RR < 10"'*, Irl < 10"^, q;rr < 10"^, and 
aRL < 10"'^. The obtained constraints on d are sum- 



3 



marized in Table. 21 together with experimental limits, 
and constraints on quantities derived from a, which we 
discuss below. 

Our limit Srl < 10"^ is comparable to the present 
experimental Hmit from /3 decay orl < 3.7 x 10"^ 
(see also Ref. Q). 

As seen from the equations in the Appendix, Arr, 
v4rl, and Q!rl are related to the n pe~i> coupling 
constants as follows: 

25s(Arr + Arl) = Cs + C;,, (6) 

and 

45TaRR = Ct + C^. (7) 
Our results yield order-of-magnitude constraints of 

l^5 + c^|<lo-^ (8) 

and 

IC't + c'tI ;S 10^2, (9) 

where Cs = Cs/Cy, C's = C's/Cy, Ct = Ct/Ca, and 
C'^ = C't/Ca- We used Cy = gval^ Ca = ffAa^f , 
and 0.25 < 5s < 1 and 0.6 < gr < 2.3^Ml 

The current experimental limits on Cs and C'g come 
from the e'^-v correlation in ^^Ar /3 decay [l5| and the ft 
values of super-allowed /3 decays [iGj (An updated analy- 
sis gives a similar limit |l7l'). A combined analysis of data 
from Refs. 0| and |l6l| gives a one-standard deviation 
bound of \Cs\^ < 3.6 X IQ-^ and [C^p < 3.6 x lO'^ [l^, 
which implies \Cg + Cg\ < 10~^. Our constraints are 
more stringent by two orders of magnitude and are com- 
pared with the existing limits in Fig. |21 where it is 
seen that they are complimentary to the existing lim- 
its. Combining our results with the existing limits yields 
ICsl < 5 X 10-3 and IC^I < 5 x 10^3. 

For the tensor interaction, the present experimental 
limit is provided by ^He f3 decay llsl and the positron 
polarization of -'^'^O and "'^"C (3 decay [l9j. Ref. [l8j quotes 
(ICTp + IC^HydCAp + IC^p) < 0.8% (68%C.L.), which 
implies ICt+C^I < 1.6x10^^. Our results provide a con- 
straint improved by an order of magnitude. Our results 
are shown in Fig. |31 together with the current experimen- 
tal limits When combined with the existing limits, 
our results yield \Ct\ < 1.2x10-2 and \C^\ < 1.2 xlQ-^. 

The initial goal of the UCNA experiment is to measure 
the l3 asymmetry parameter A using ultracold neutrons 
at the 0.2% level. With an implementation of additional 
detectors, the UCNA experiment also aims to measure 
the e~ — De angular coefhcient a, the asymmetry pa- 
rameter B, and the Fierz interference coefficient 6, with 
the following accuracies: Sa/a < 3 x 10-^, Sa/A < 10~^, 
5b /B < 10-3, and Sb < 2 x IQ-^. The abBA experi- 
ment aims to measure the same quantities with similar 
accuracies using a pulsed cold neutron beam. 



TABLE I: Constraints on d — > ue^v coupling constants 
a — {Arr, Arl, orr, aRL} obtained from this study (top) 
and constraints on quantities derived from a (bottom) to- 
gether with current experimental limits. 



a Current limits 


Limits from this 


study 


\Akk + Akl\ ~0.1 

laRRl 8 X 10-^ (68% c.l.) 
IorlI 3.7 X 10-^ (90% c.l.) 


~ 2 X 10-^ 
~ 10-=* 
~ 10"^ 






n —> pe V Coupling Current limits 


Limits from this 


study 


\Cs + C's\ -0.1 
ICt + CtI 1.6x10-1 


~ 10-^ 
~ 10-2 






FIG. 2: Constraints on Cs = Cs/Gv and C's = Cs/Cv- The 
narrow diagonal band at —45° is from this work. The annulus 
gray is a 95% C.L. limit from Ref. UM- The diagonal band at 
45° is a 90% C.L. limit from Ref. 111. 



With such precision, it is likely that these free neutron 
experiments will constrain the scalar interactions by a 
factor of two better than the current experimental lim- 
its ^3- III general /?-decay experiments are mostly sen- 
sitive to Cs — C'g and Ct — C^ through b measurements 
and |Csp ICgp and |CtP + |C^p through a measure- 
ments, while our results provide constraints on Cs + C'g 
and Ct + C'^, therefore making our analysis and these 
experiments complimentary. 




FIG. 3: Constraints on Ct = Ct/Ca and C't = C't/Ca- The 
diagonal band at —45° is from this work. The gray circle is a 
68% C.L. limit from Ref. ^M- The diagonal band at 45° is a 
90% C.L. limit from Ref. 
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The results presented here are quite general and are 
valid for both Dirac and Majorana neutrinos. As dis- 
cussed in Ref . , there may be cases where the neutrino 
mass constraints are beaten, for example in the presence 
of finely tuned cancellations between various Feynman 
graphs. Also, we do not take into account effects stem- 
ming from neutrino mixing with heavy mass eigenstates 
since in most models they are much heavier than the 
energy released in /3-decay and their emission is kine- 
matically forbidden. If the tritium beta decay limit on 
neutrino mass {m^^ < 3 eV) is used instead of the 
CMB limit, our analysis still yields limits an order of 
magnitude more stringent than the current experimental 
limits for the scalar couplings. We also point out that 
the KATRIN exp eriment will have sensitivity down to 
m^^ - 0.2 eV 13 . 

In conclusion, we have calculated the leading con- 
tributions to the neutrino mass generated by non-SM 
d — !■ ue~v interactions that involve right-handed neu- 
trinos. Using the current upper limits on the neu- 
trino mass obtained from CMB measurements, we de- 
rived order-of-magnitude constraints on the correspond- 
ing coupling constants. When cast into the effective 
n — > pe~i> coupling constants, our results improve over 
the current experimental constraints on the scalar and 
tensor coupling constants by more than an order of mag- 
nitude. When combined with the existing limits, our 
results yield \Cs/Cv\ < 5 x IQ-^, \C's/Cv\ < 5 x lO'^, 
\Ct/Ca\ < 1.2 X 10-2 and \C^/Ca\ < 1.2 x lO'^. 

One of the authors (T. M. I) thanks A. Garcia for 
valuable discussions. 



APPENDIX 

Here also, we follow the notation of Ref. 0. Neglect- 
ing the induced from factors, the effective n — > pe~D 
interaction is given by 



Cs. C's = 5S(±^LL ± ^LR + ^RR + ^Rl), (A.16) 



rriN) rriN) „{N} 



(A.IO) 



where 



+ ejxj5{CA + C'Al^)vePl^n + h.c, (A.ll) 



H 



(N) 



e{Cs + C's^z)vePn + h.c. 



(A.12) 



ijW = e^(CT + C^7.5)i^eP^n + h.c. (A.13) 
\/2 V 2 

The n pe^D coupling constants Ci and C[ {i — 
{V, A, S, T}) are related to the d — > ue~D coupling con- 
stants flg^, Ag^i and a^^ (e/i — R, L) as follows: 

Cy, C"y = gv{±ahL ± aLR + orr + arl), (A. 14) 
C'a, C'j^ = 5A(±aLL T flLR + flRR - arl), (A. 15) 



Ct, C'j. = 25T(±aLL + orr), 



(A.17) 



where the upper and lower signs are for Ci and C^', re- 
spectively. The constants gt = gi{0) are the — > 
values of the nucleon form factors defined by 



< p\uT,d\n >= gi{q'^)pT,n, 



(A.18) 



where i = {V, A, S, T}, and Ty = 7a, = 7a 75, = 1, 
and Tp = 75. CVC predicts gv = 1. gA = 1.2695(29) 
[2lj | (our definition of gA differs from that adopted by 
Particle Data Group by the sign). 
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The aRR-type interaction also contributes to the neu- 
trino mass. We do not consider it here, however, since a 
stringent constraint on orr cannot be arrived at by the 
method discussed in this paper. 

If one allowed 6 7^ in analyzing the ®He /3 decay data, 
one would obtain an annulus for the allowed region as in 
the 32 Ar case. However, this would not affect the main 
conclusion of this paper. 



